Thyroid hormone (T3) plays a critical role in the development of the central nervous system and its deficiency during the early neonatal period results in severe brain damage. However the mechanisms involved and the genes specifically regulated by T3 during brain development are largely unknown. By using a subtractive hybridization technique we have isolated a number of cDNAs that represented mitochondrial genes (12S and 16S rRNAs and cytochrome c oxidase subunit I). The steady state level of all three RNAs was reduced in hypothyroid animals during the postnatal period and T3 administration restored control levels. During fetal life the level of 16S rRNA was decreased in the brain of hypothyroid animals, suggesting a prenatal effect of thyroid hormone on brain development. Since T3 does not affect the amount of mitochondrial DNA, the results suggest that the effect of T3 is at transcriptional and/or postranscriptional level. In addition, the transcript levels for two nuclear-encoded mitochondrial cytochrome c oxidase subunits: subunits IV and VIc were also decreased in the brains of hypothyroid animals. Hypothyroidism-induced changes in mitochondrial RNAs were followed by a concomitant 40% decrease in cytochrome c oxidase activity. This study shows that T3 is an important regulator of mitochondrial function in the neonatal brain and, more importantly, provides a molecular basis for the specific action of this hormone in the developing brain. (J. Clin. Invest. 1995. 96:893-899.) 
Introduction
In vertebrates, thyroid hormone (T3)' is essential for many fundamental processes, including normal development, growth, 1 . Abbreviations used in this paper: COX, cytochrome c oxidase; mt, mitochondrial; ND4, NADH dehydrogenase subunit 4; nt, nucleotide; T3, thyroid hormone; TR, thyroid hormone receptor; Tx, hypothyroid.
and metabolism (1) (2) (3) . Thyroid hormone is also known to exert dramatic morphological, biochemical, and physiological changes on amphibian metamorphosis (4) . These actions are primarily exerted on the genome after T3 binds to specific nuclear receptors (TR) that activate or suppress thyroid hormoneresponsive genes (5) . Several isoforms of TRs have been isolated and shown to be members of a superfamily of ligandactivated transcriptional regulatory proteins, sharing a highly conserved DNA-binding domain and less well conserved COOH-terminal regions required for ligand binding. The enhancement of promoter activity by TR requires a sequence specific interaction of the receptor with a thyroid hormone response element (5, 6) . TRs are believed to function as homodimers or as heterodimers with proteins such as retinoid X receptors (7) .
It is known that adequate thyroid hormone levels are absolutely required for normal development of the central nervous system. Thyroid hormone deficiency during development leads to growth abnormalities and irreversible mental retardation (4, 8) . In humans the syndrome, called cretinism, includes deafmutism, short stature, and profound mental retardation. Experimentally induced hypothyroidism in rats results in numerous abnormalities, including reduction in dendritic arborization of cerebellar Purkinje cells, reduction of neuronal outgrowth, poor connectivity among neurons, changes in microtubule content and impaired myelin deposition, cell migration, and synaptogenesis (8) . In the rat, normal brain development requires the presence of T3 during the period between 10 and 15 d after birth and its deficiency during the early neonatal period results in severe brain damage (8, 9) . This is an important period for neuronal differentiation and maturation and during the first 30 d postpartum a rapid myelogenesis and intense glial proliferation and development of neuronal processes take place (10). We have observed that during this period both the number of T3 receptors and the amount of receptor mRNA (11, 12) rise together with the level of T3 in brain. Little is known however of the genomic targets for ligand-activated TR in this complex biological program. In this context, we have recently shown that the early gene NGFI-A, which is thought to be implicated in proliferation and differentiation processes, is highly regulated by thyroid hormone in the developing brain ( 13, 14) . In tissues different from the brain including heart, kidney, liver, and skeletal muscle, T3 regulation can be explained, at least in part, by a control over mitochondrial function. However, although the neurologic symptoms displayed by hypothyroid patients resemble, in part, those caused by mitochondrial dysfunction, there have been contradictory data regarding a role of T3 in the mitochondria of the central nervous system (15, 16) .
To identify genes whose expression is dependent on thyroid hormone during brain development, we have used a subtractive We have isolated several cDNA clones, three of which code for known mitochondrial genes: 12S and 16S mitochondrial (nf) rRNAs and the subunit III of cytochrome c oxidase (COX III). In accordance with the changes in the levels of these RNAs, the specific activity of the inner membrane enzyme cytochrome c oxidase was also reduced in hypothyroid animals when contrasted with age-matched controls. Our data also show a biological action for T3 even during the gestation period. The results presented here are direct evidence that removal of T3 produces specific deficits in the brain mitochondria of neonatal rats and provide a molecular basis for the specific action of this hormone in the developing rat brain.
MeUds
Animal treatment. To induce fetal and neonatal hypothyroidism, dams were given 0.02% methylmercaptoimidazole (MMI) DNA slot blot analysis. For DNA preparation, brains from two control and two hypothyroid animals were extracted after treatment with proteinase K and DNase-free RNase as previously described (19) . Different amounts of total DNA were blotted to Zeta-probe filter (BioRad Laboratories Inc.) using the Manifold II system (Schleicher & Schuel, Inc., Keene, N.H.) and fixed on the filter following the manufactures indications. To quantify the mtDNA, filters were probed at high stringency with an [a-32P]dCTP-labeled rat 16S rRNA clone. After several washes with 0.1% SDS, 0.1 x SSC at 680C the filter was autoradiographed at different periods of time to be sure that the signal was in the linear range of response.
Determination of cytochrome c oxidase activity. Control and hypothyroid brains from 15-d-old animals were homogenized in 5 ml of 20 mM Tris-HCl, pH 8.0, 0.2 mM EDTA, 1 mM DTT, 10% glycerol, and 1 mM PMSF. COX activity was determined in the homogenate as previously described (20) . Protein content was measured by the procedure of Bradford (21) . The data correspond to the average of at least three determinations in each of two independent experiments. P < 0.002.
Statistical analysis. Statistical analysis were performed using Student's t test. Values are reported as the mean±SD. P values 5 0.05 were considered significant.
Results
Cloning and expression of T3-sensitive RNAs in developing rat brain. To identify genes whose expression is dependent on thyroid hormone during brain development, we used a subtractive hybridization technique. Since it is known that, in the developing rat brain the first 3 postnatal wk seem to represent a period of particular sensitivity to thyroid hormone (22) , both the library and the subtracted probe were constructed from poly(A)+ RNA isolated from the cerebral cortex of 15-d-old euthyroid neonates. Using this technique we identified, in addition to other cDNAs, three independent clones initially named 1B2 (0.6 kb), 1D6 (1.0 kb), and 2A9 (0.85 kb). Sequence analysis of these clones and search of the GenBank and EMBL databases revealed that they encoded the two mitochondrial rRNAs (12S and 16S) and the subunit III of cytochrome c oxidase, respectively. The regions of the rat mitochondrial genome represented by these cDNAs are as follows: 12S rRNA, from nt 70 to nt 685; 16S rRNA, from nt 1106 to nt 2098 and cytochrome c oxidase, from nt 8638 to nt 9440.
The effect of thyroid hormone on these genes was studied by Northern blot analysis of total brain RNA, extracted from control and hypothyroid animals at different ages. Early hypothyroidism markedly diminished the steady state level of all three RNAs observed in control animals, ranging between twoand fivefold reduction depending on the specific RNA and the age of the animal (Figs. 1 and 2 ). In general, this reduction can be observed throughout the whole neonatal period. Hypothyroidism induced in adult rats also caused a significant decrease on 12S rRNA levels (2.2-fold) although we did not observe significant changes in the concentration of both 16S rRNA and COX III mRNA in these animals. After hormone administration, the content of 12S rRNA and COX III mRNA in hypothyroid 15-d-old animals slowly increased, reaching normal levels 48 -72 h after treatment ( Figs. 1 and 2) . A similar pattern of response to T3 was also found for 16S rRNA (data not shown).
Although it has been a matter of controversy during many Fig. 3 , the levels of all of them were significantly reduced in hypothyroid animals, suggesting that T3 is regulating the concentration of all mitochondrial transcripts.
Effect ofthyroid hormone on mitochondrial gene expression in the liver. We next examined whether the effects of hypothyroidism upon brain mitochondrial gene expression during development were similar in other T3 responsive tissues. In contrast with the situation in the brain, a significant decrease in 12S rRNA was observed 12 h after T3 administration to 15-d-old animals. No differences were observed in steady state levels of both 12S and 16S rRNAs in the liver of 15-and 30-d-old hypothyroid rats (Fig. 4) . These results are in contrast with data reported by other authors showing no effect or even an stimulatory effect of T3 on 12S rRNA levels in the adult liver (25, 26) . In agreement with previous reports in adult rats (27) , the levels of COX III transcripts were slightly reduced in the liver of 15-d-old animals, and increased 48 h after hormone treatment to reach higher values than those found in euthyroid animals (2.5-fold). These results suggest important differences in the regulatory factors controlling these genes in the different tissues.
Effect of hypothyroidism on mtDNA content in the developing brain. To or Tx (B); **P 0.01 vs C (A) or Tx (B). ***P < 0.001 vs C. brains of control and hypothyroid 15-d-old neonates was probed with a rat mitochondrial probe. As shown in Fig. 5 Effect of hypothyroidism on the expression of nuclear-encoded mitochondrial sequences. To determine whether there is a coordinated decrease in the expression of both nuclear and mitochondrially encoded transcripts, we measured the levels of mRNAs for two nuclear-encoded subunits of cytochrome c oxidase: subunits IV and VIc, in the brains of control and hypothyroid animals. As shown in Fig. 6 , congenital hypothyroidism caused a significant twofold reduction on the mRNA levels for the two tested subunits of cytochrome c oxidase in 6-and 15-d-old neonates. By contrast, no differences were detected in 30-d-old animals. This phenomenon of late normalization of mRNA levels in the brain of hypothyroid animals, has been already observed with other T3-regulated sequences, and is different depending on the brain region studied (14, 28) . As happened with mitochondrially encoded mitochondrial RNAs, T3 treatment to 6-d-old hypothyroid neonates increased the levels of the two nuclear-encoded mitochondrial transcripts studied (data not shown).
Effect of hypothyroidism on brain cytochrome c oxidase activity. Finally, to ensure that the changes in mtRNAs had a functional significance in the mitochondria we also studied the cytochrome c oxidase activity in brains isolated from control and hypothyroid 15-d-old neonates. In keeping with the mtRNA data, we found a significant (40%) decrease in COX activity in the hypothyroid brain (Table I) 
Discussion
The present study clearly demonstrates thyroid hormone regulation of mitochondrial genes during brain development. Thyroid hormone is one of the main regulators of basal metabolic rate in mammals. Due to its stimulatory action on basal metabolism, thyroid hormone increases respiration. However, each tissue responds in a different fashion and whereas a wealth of evidence has been presented that thyroid hormone increases the respiratory rate in liver, heart, and kidney (16, 29) , there is a great controversy concerning thyroid hormone action on the brain mitochondria. Although there are several reports showing changes in some mitochondrial functions in the brain of hypothyroid animals, studies measuring oxygen consumption have failed to observe any differences between control and hypothyroid brain (15, 16, 30) . Our results clearly show that the lack of T3 results in significant changes in the levels of both, nuclearencoded and mitochondrially encoded, mitochondrial RNAs (11, 34) and in humans (35) . Our data support the idea that the "critical period" in the rat in which the brain is particularly sensitive to the action of T3, originally proposed as beginning of birth, could be extended to the end of pregnancy. On the other hand, since it has been shown th differentiation of mitochondria occurs very rapidly after birth (36), these results suggest that normal mitochondrial maturation is impaired in the brain of hypothyroid neonates. An interesting observation is the differential regulation by T3 of the different mitochondrial RNAs in the different tissues. Although, in agreement with previous reports in adult rats (27) , the levels of COX Im transcripts in the liver mitochondria are slightly reduced in the hypothyroid animals and increase after hormone treatment, the concentration of 12S rRNA is sigmoficantly lowered in the livers of 15-d-old hypothyroid nDonmes 12 h after the injection of T3. Whatever the mechanisms underlying this differential regulation, there might be important differences in the regulatory factors of these genes in liver as opposed to brain. In this regard it should be mentioned that thyroid hormone receptors belong to a large family of ligandactivated transcriptional enhancer proteins (5) that regulate gene transcription through a complex combinatorial pattern of interactions between the different members of the family and with other nuclear proteins (7, 37, 38 (39) . However, in cells undergoing differentiation, regulation at transcriptional and translational levels has been described (40, 41) . Our data showing regulation of all the mitochondrial transcripts tested, together with the lack of differences in the mtDNA content between control and hypothyroid neonates, strongly suggest an effect of thyroid hormone on mitochondrial transcription and/or RNA stabilization. Mitochondrial binding sites for thyroid hormone have been postulated since 1975 (42, 43) , and different proteins have been suggested to be the mitochondrial T3 receptor (44) . However, the specificity of these mitochondrial binding sites has been questioned since then, and specific binding of thyroid hormone to the mitochondria appears to be very questionable. On the contrary, nuclear T3 receptors are very well characterized and, since their discovery in 1972 by Oppenheimer (45) , are thought to mediate most of the cellular actions of thyroid hormone. In view of these evidences, and taking into account the delayed kinetic response to T3 of brain mitochondrial transcripts, it is very probable that T3 action on mitochondrial transcription is exerted trough its nuclear receptors.
To date, the genetic control of mitochondrial function is largely unknown. Several nuclear genes for proteins involved in mitochondrial transcription have been cloned, including those for a human mitochondrial transcription factor (h-mtTFA) (46, 47) , the human and mouse genes for the RNA subunit of mitochondrial RNA-processing endonuclease (48), a ribonucleoprotein enzyme that is thought to cleavage light-strand transcripts to form primers for heavy-strand DNA replication, and the yeast mtRNA polymerase (49) . It has also been cloned a human gene coding for a protein designated as nuclear respiratory factor-i (NRF-1), which plays a role in the coordinate expression of nuclear-encoded respiratory chain subunits (50) . Little is known however of the transcription factors controlling rat mitochondrial transcription. Therefore, the understanding of the observed T3 effects on brain mitochondria will pass for the identification of these proteins as well as a profound study of their regulation by T3.
In summary, our results support the concept that T3 participates in a signal transduction pathway that regulates mitochondrial function in the central nervous system. Although a direct effect of T3 on mtDNA can not be completely excluded, the lack of conclusive evidence for the presence of T3 receptors in the mitochondria suggest that a hormone-induced signal from the nucleus crosses the mitochondrial membrane and is responsible for the regulated expression of the mitochondrial genome. Whether the exact locus of regulation is transcription and/or RNA stabilization, and how the information for this regulation is transmitted from the nucleus to the mitochondria, remains to be determined. In any case, the direct evidence presented in this paper showing the effect of T3 on brain mitochondrial gene expression is particularly important on the light of the growing evidence that a broad spectrum of diseases affecting the central nervous system is associated with alterations in mitochondrial function (51) . Since the absence of T3 in the neonatal period also produces an important impairment of brain functions, our results supply one explanation in molecular terms to understand the phenotypic effect observed in hypothyroid brain.
